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A b s t r a c t  

Low speed wind tunne l  performance t e s t s  o f  
two advanced p r o p e l l e r s  have been completed a t  t h e  
NASA Lewis Research Center  as p a r t  o f  t h e  NASA 
Advanced Turboprop Program. The 62.2 cm (24.5 i n )  
d iameter  a d j u s t a b l e  p i t c h  models were t e s t e d  a t  
Mach numbers t y p i c a l  o f  t a k e o f f ,  i n i t i a l  c l imbou t ,  
and l a n d i n g  speeds ( i . e . .  f r o m  0.10 t o  0.34) i n  
t h e  NASA Lewis 10- by  10-Foot Supersonic Wind 
Tunnel. 

Both models had e i g h t  b lades  and a c r u i s e  
des ign  p o i n t  o p e r a t i n g  c o n d i t i o n  o f  0.80 Mach 
number, 10.668 km ( 3 5  000 f t . )  I .S.A.  a l t i t u d e ,  
243.8 m/s (800 f t / s  c )  t i p  speed 

No adverse or unusual low speed o p e r a t i n g  

nd a h i g h  power 
l o a d i n g  o f  301 kW/m 5 (37.5 s h p / f t  1 ) .  

c o n d i t i o n s  were found d u r i n g  t h e  t e s t  w i t h  e i t h e r  
t h e  s t r a i g h t  b l a d e  SR-2 o r  t h e  45' swept SR-3 pro-  
p e l l e r s .  
exceeded t h e  s t r a i g h t  b l a d e  e f f i c i e n c y  b y  4 t o  5 
pe rcen t .  T y p i c a l  n e t  e f f i c i e n c i e s  o f  t h e  s t r a i g h t  
and 45' swept p r o p e l l e r  a t  a Mach 0.20 t a k e o f f  
c o n d i t i o n  were 50.2 and 54.9 p e r c e n t  r c s p e c t i v e l y .  
A t  a Mach 0.34 c l i m b  c o n d i t i o n ,  t h e  e f f i c i e n c i e s  
were 53.7 and 59.1 pe rcen t .  Reverse t h r u s t  d a t a  
i n d i c a t e d  t h a t  these p r o p e l l e r s  a re  capable o f  
p roduc ing  more reve rse  t h r u s t  a t  Mach 0.20 than  a 
high-bypass t u r b o f a n  engine a t  Mach 0.20. 

I n t r o d u c t i o n  

The 45' swept p r o p e l l e r  e f f i c i e n c y  

The a t t r a c t i v e n e s s  o f  advanced tu rboprop  p ro -  
p u l s i o n  r e s u l t s  f r o m  i t s  P G t e n t i a l  f o r  ve ry  h i g h  
p r o p u l s i v e  e f f i c i e n c y  a t  c r u i s e  speeds up t o  
Mach 0.8. A comparison of t h e  i n s t a l l e d  c r u i s e  
e f f i c i e n c y  of turboprop-powered and t u r b o f a n -  
powered p r o p u l s i v e  systems i s  shown i n  F i g .  1 ove r  
a range o f  c r u i s e  speeds. The e f f i c i e n c i e s  shown 
i n  t h e  f i g u r e  i n c l u d e  t h e  i n s t ? l l a t i o n  l osses  f o r  
b o t h  systems; namely, n a c e l l e  d rag  f o r  t h e  tu rbo -  
p rop  systems, and f a n  c o w l i n g  e x t e r n a l  d rag  and 
i n t e r n a l  f a n  a i r f l o w  losses  assoc ia ted  w i t h  i n l e t  
recove ry  and n o z z l e  e f f i c i e n c y  f o r  t h e  t u r b o f a n  
systems. Convent ional  lower  speed tu rboprops  such 
as t h e  E l e c t r a  have i n s t a l l e d  e f f i c i e n c y  l e v e l s  
above 80 pe rcen t  up t o  about Mach 0.5, b u t  can 
s u f f e r  f r o m  r a p i d  decreases i n  e f f i c i e n c y  above 
t h i s  speed due t o  i n c r e a s i n g  p r o p e l l e r  compressi- 
b i l i t y  l osses .  These losses  a r e  p r i m a r i l y  t h e  
r e s u l t  of r e l a t i v e l y  t h i c k  b lades  ( 5  t o  7 p e r c e n t  
a t  75 pe rcen t  r a o i u s )  o p e r a t i n g  a t  h i g h  h e l i c a l  
t i p  Mach numbers. 

The advanced high-speed tu rboprop  has t h e  
p o t e n t i a l  t o  a e l a y  these c o m p r e s s i b i l i t y  l osses  t o  
a much h i g h e r  c r u i s e  speeo and achieve a r e l a t i v e l y  
h i g h  performance t o  a t  l e a s t  Mach 0.8 c r u i s e .  
A l though  h i g h  bypass r a t i o  tu rbo fans  e x h i b i t  t h e i r  
h i g h e s t  e f f i c i e n c y  a t  c r u i s e  speeds near Mach 0.8, 
t h e i r  performance would s t i l l  be s i g n i f i c a n t l y  
below t h a t  of t h e  advanced tu rboprops .  

A number o f  s t u d i e s  have been conducted b y  
b o t h  NASA and i n d u s t r y  t o  e v a l u a t e  t h e  p o t e n t i a l  
o f  advanced high-speed tu rboprop  p r o p u l s i o n  f o r  
b o t h  c i v i l  and m i l i t a r y  a p p l i c a t i o n s .  Numerous 
r e f e r e n c e s  t o  s p e c i f i c  s t u d i e s  and s u m a r y  r e s u l t s  
a r e  l i s t e d  i n  Ref. 1. I n s t a l l e d  e f f i c i e n c y  l e v e l s  
s i m i l a r  t o  those  shown i n  F i g .  1 f o r  comparable 
techno logy  advanced tu rboprops  and t u r b o f a n s  were 
used i n  most o f  t hese  s t u d i e s .  A t  Mach 0.8 t h e  
i n s t a l l e d  e f f i c i en :y  o f  t u r b o f a n  systems would be 
about  65  p e r c e n t  compared t o  about 75 pe rcen t  f o r  
t h e  advanced turboprop.  
t h e  e f f i c i e n c y  advantage o f  t h e  advanced t u r b o p r o p  
would be even l a r g e r .  

The b l o c k  f u e l  sav ings shown i n  F i g .  2 as a 
f u n c t i o n  o f  t r i p  s tage  l e n g t h  i s  a sumnary o f  t h e  
Ref .  1 s tud ies .  As shown i n  F i g .  2. b l o c k  f u e l  
sav ings a r e  dependent on  a i r c r a f t  c r u i s e  speed and 
range. A t  t h e  bo t tom o f  t h e  band, assoc ia ted  w i t h  
Mach 0.8 c r u i s e ,  f u e l  sav ings r m g e  f r o m  about 15 
t o  25 p e r c e n t  f o r  advanced tu rboprop  a i r c r a f t  com- 
pared t o  e q u i v a l e n t  technology t u r b o f a n  a i r c r a f t .  
The l a r g e r  f u e l  sav ings  occu r  a t  t h e  s h o r t e r  oper- 
a t i n g  ranges where t h e  m i s s i o n  i s  c l i m b  and descent  
dominated. Because o f  t h e  lower o p e r a t i n g  speeds 
encountered d u r i n g  c l i m b  and descent, t u rboprops  
have an even l a r g e r  per formance advantage o v e r  t h e  
t u r b o f a n s  t h a n  t h e y  do a t  Mach 0.8 c r u i s e  cond i -  
t i o n s .  I n  a s i m i l a r  manner, a l a r g e r  f u e l  sav ings 
i s  p o s s i b l e  a t  Mach 0.7 c r u i s e  ( rep resen ted  by  t h e  
t o p  o f  t h e  band i n  f i g .  2 ) .  A t  t h i s  l ower  c r u i s e  
speea, f u e l  sav ings range f r o m  about 20 p e r c e n t  t o  
near  30 pe rcen t .  Even l a r g e r  f u e l  sav ings may be 
p o s s i b l e  by  r e c o v e r i n g  t h e  p r o p e l l e r  s w i r l  loss  
f r o m  these  s i n g l e - r o t a t i o n  tu rboprops .  Counter- 
r o t a t i o n  and s w i r l  r ecove ry  vanes a r e  two p r o m i s i n g  
concepts f o r  r e c o v e r i n g  t h e  s w i r l  l o s s .  I n  addi -  
t i o n ,  advanced a i r f o i l s  can a l s o  improve perfomance. 
A l l  o f  t hese  concepts a r e  c u r r e n t l y  under s tudy  a t  
NASA and i n  t h e  i n d u s t r y .  

I n  v iew  o f  t h e  a t t r a c t i v e  f u e l  sav ings poten-  

A t  lower  c r u i s e  speeds, 

t i a l  o f  t h e  advanced high-speed tu rboprop  p ropu l -  
s i o n  system, NASA Lewis Research Center  has 
e s t a b l i s h e d  t h e  Advanced Turboprop Pr gram. T h i s  

l i s h e s  t h e  techno logy  base r e q c i r e d  t o  l e a d  t o  t h e  
a p p l i c a t i o n  o f  t h e  advanced tu rboprop  p r o p u l s i o n  
system concept .  One phase o f  t h i s  o v e r a l l  program 
was t o  e s t a b l i s h  t h e  complete low speed aerodynamic 
performance o f  t h e  SR-2 and SR-3 p r o p e l l e r  models 
i n  t h e  t a k e o f f ,  i n i t i a l  c l imbou t ,  and l a n d i n g  speed 
regimes. The f i r s t  model shown mounted i n  t h e  
w ind  t u n n e l  ( F i g .  3 )  had s t r a i g h t  b lades  w h i l e  t h e  
second model ( F i g .  4 )  had 45' of b laoe  sweep f o r  
lower  n o i s e  and improved p r o p e l l e r  e f f i c i e n c y .  
l o t h  p r o p e l l e r  models were t e s t e d  i n  t h e  NASA Lewis 
10- by  10-Foot Supersonic  Wind Tunnel on t h e  Lewis 
P r o p e l l e r  T e s t  R i g  (PTR). T h i s  paper p r e s e n t s  t h e  
wind t u n n e l  t e s t  r e s u l t s  o f  these two p r o p e l l e r s  
i n  t h e  t a k e o f f ,  c l imb ,  and l a n d i n g  speed regime 
( i . e . ,  Mach 0.10 t o  0.34). Other  wind t u n n e l  t e s t s  
have measured t h e  performance o f  these p r o p e l l e r s  

ma jo r  research  and techno logy  program B es tab -  
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p r i m a r i l { , j n  t h e  h i g h e r  speed regime o f  Mach 0.60 
t o  0.85. 

Aerodynamic Design Concepts and Model D e s c r i p t i o n  

To ach ieve  t h e  p r e v i o u s l y  desc r ibed  f u e l  
savings, t h e  p r o p e l l e r  on t h e  advanced tu rboprop  
would have t o  i n c o r p o r a t e  a number o f  un ique des ign  
f e a t u r e s  t h a t  would enhance p r o p e l l e r  performance 
and lower source no ise .  These un ique des ign  fea- 
t u r e s  a re  r e q u i r e d  t o  reduce b lade  c o m p r e s s i b i l i t y  
l osses  and a t t a i n  h i g h  e f f i c i e n c y  i n  t h e  t r a n s o n i c  
Mach number regime. A p r o p e l l e r  designed f o r  a 
c r u i s e  Mach number o f  0.80 a t  an a l t i t u d e  above 
9.144 km ( 3 0  000 f t ) ,  would have l o c a l  b lade Mach 
numbers f r o m  j u s t  over  0.8 a t  t h e  b lade  hub t o  
superson ic  Mach numbers (near  1.15) a t  t h e  b lade 
t i p .  The i n h e r e n t  d e t r i m e n t a l  e f f e c t s  o f  these 
h i g h  Mach numbers on performance a r e  negated b y  
t h e  des ign  concepts shown i n  F i g .  5. These con- 
c e p t s  i n c l u d e  p roper  shaping o f  t h e  n a c e l l e  t o  
reduce inboard  b lade  Mach number, b lade  sweep t o  
reduce ou tboard  b lade  l o c a l  Mach number, t h i n n e r  
b lades  t o  i nc rease  d rag  r i s e  Mach number and sp in -  
ne r  area r u l i n g  t o  p reven t  in -board  b lade chok ing .  
To h o l d  p r o p e l l e r  d iameter  t o  a reasonab le  value, 
a h i g h  power ( o r  d i s k )  l o a d i n g  and concomi tan t l y  a 
l a r g e  number o f  b lades  ( 8  o r  10) and increased 
cho rd  l e n g t h  a r e  requ i rea .  The inboard  p o r t i o n  o f  
t h e  p r o p e l l e r  then opera tes  as a cascade r a t h e r  
than i s o l a t e d  b lades .  These des ign  concepts a r e  
i n c o r p o r a t e d  i n  t h e  two model p r o p e l l e r s .  

b o t h  oes igned f o r  an o p e r a t i n g  c o n d i t i o n  o f  0.80 
Mach number, 10.668 km (35 000 f t )  I.S.A. a l t i t u d e ,  
243.8 m/s (800 t / s e c )  t i p  sp ed and a power load-  

have a d iameter  o f  0.622 m (24.5 i n )  which was 
de termined by  t h e  des ign  power l oad ing .  The over-  
a l l  des ign  c h a r a c t e r i s t i c s  and p lan forms o f  t h e  
two models a r e  p resented  i n  Tab le  1. 

The p r o p e l l e r  models ( F i g s .  3 and 4 )  were 

i n g  of  301 kW/ 4 (37.5 s h p / f t  5 ) .  Bo th  models 

The aerodynamic con ic -co r rec ted  b lade shape 
c h a r a c t e r i s t i c s  a long mean f l o w  s t reaml ines  a re  
presented  f o r  t h e  SR-2 p r o p e l l e r  i n  F i g .  6 and t h e  
45' swept SR-3 p r o p e l l e r  i n  F i g .  7 .  The th i ckness  
r a t i o  ( t / b ) ,  t w i s t  ( A B ) ,  d e s i g r  l i f t  c o e f f i c i e n t  
(CLD) and p lan fo rm (b /D)  d i s t r i b u t i o n s  were 
e s t a b l i s h e a  t o  p rov iae  a l oad ing  d i s t r i b u t i o n  a t  
t h e  aes ign  c o n d i t i o n  f o r  h i g h  e f f i c i e n c y  and f o r  
t h e  SR-3 p r o p e l l e r ,  low no ise .  

The a i r f o i l  sec t i ons  se lec ted  f o r  t h e  SR-2 
and SR-3 b lade  des ign  a r e  NACA Se r ies  1 6  f rom t h e  
t i p  t o  t h e  45 and 53 pe rcen t  r a d i u s  r e s p e c t i v e l y ,  
and NACA S e r i e s  65 w i t h  c i r c u l a r  a rc  (CA) camber 
l i n e s  f r o m  t h e  37 pe rcen t  r a d i u s  t o  t h e  r o o t  w i t h  
a t r a n s i t i o n  f a i r i n g  between. These a i r f o i l s  were 
chosen f o r  t h e i r  h i g h  c r i t i c a l  Mach number and 
wide, low d r a g  buckets .  

The area  r u l e d  sp inners  and n a c e l l e  l i n e s  a r e  
des ignea t o  a l l e v i a t e  b lade  r o o t  chok ing  an0 m i n i -  
m ize  c o m p r e s s i b i l i t y  d rag  r i s e .  
i n c o r p o r a t e  a r e a - r u l i n g  and b lend i n t o  t h e  
n a c e l l e .  The n a c e l l e  has a maximum d iameter  equal  
t o  35 pe rcen t  o f  t h e  model p r o p e l l e r  d iameter.  

c o n f i g u r a t i o n  which had t h e  gaps between t h e  p ro -  
p e l l e r  b laae  r o o t s  ana t h e  htib su r face  sealeo. 
The gaps were d i s p r o p o r t i o n a t e l y  l a r g e  f o r  t h e  

The sp inners  

The performance d a t a  were acqu i red  f o r  a model 

model and were sealed t o  be more r e p r e s e n t a t i v e  o f  
a f u l l  sca le  p r o p e l l e r .  More des ign  i n f o r m a t i o n  
may be found i n  Refs.  1",1 3-5. 

Wind Tunnel Tes t  Proaram 

Wina Tunnel 

The SR-2 and SR-3 p r o p e l l e r  model t e s t s  were 
conductea i n  t h e  NASA Lewis 10- by  10-Foot Super- 
son ic  Wind Tunnel. T h i s  t u n n e l 5  i nco rpo ra tes  a 
13.12 m (40  f t )  long, s o l i d  w a l l  t e s t  sec t i on .  
Nominal t e s t  s e c t i o n  Mach numbers can v a r y  sub- 
s o n i c a l l y  f r o m  0.10 t o  0.34 and s u p e r s o n i c a l l y  
f rom 2.0 t o  3.5. The tunne l  was r u n  i n  t h e  aero- 
dynamic c y c l e  versus  t h e  p r o p u l s i o n  c y c l e  f o r  t h i s  
t e s t  program. Dur ing  t h e  aerodynamic cyc le ,  t h e  
tunne l  i s  opera ted  as a c lose0  system w i th  make-up 
a i r  added o n l y  as r e q u i r e d  t o  m a i n t a i n  t h e  d e s i r e d  
tunne l  c o n d i t i o n s .  The f rees t ream v e l o c i t y  co r -  
r e c t i o n s  due t o  t h e  p r o p e l l e r  t h r u s t  i n  t h i s  s o l i d  
w a l l  t unne l  a r e  d iscussed i n  d e t a i l  i n  Appendix B 
o f  Ref. 5. 

P r o p e l l e r  Tes t  R i g  (PTR) 

The 746 kW (1000 hp )  PTR was designed and 
developed s p e c i f i c a l l y  f o r  conduc t ing  research  on 
advanced p r o p e l l e r s  i n  t h e  Lewis  10- by 10 - foo t  
and 8- by  6 - foo t  w ind  tunne ls .  The PTR was s t r u t -  
mounted f r o m  t h e  c e i l i n g  i n  t h e  tunne l  t e s t  sec- 
t i o n .  The PTR and t h e  SR-3 model a r e  shown i n  t h e  
tunne l  (F ig .  4 )  w h i l e  a cutaway v iew o f  t h e  PTR i s  
p resented  i n  F i g .  8. The model i s  d r i v e n  b y  a 
th ree-s tage a ' r  t u r b i n e  u t i l i z i n g  h i g h  p ressu re  

367 K ( 6 6 0  OR). 
d e l i v e r i n g  n e a r l y  746 kW (1000 hp)  t o  t h e  
p r o p e l l e r  model. 

a x i a l  f o r c e  measur ing systems. The p r imary  system 
i s  a r o t a t i n g  ba lance which measures t h r u s t  and 
to rque  o f  t h e  p r o p e l l e r  and sp inner .  The second 
system inc ludes  a l oad  c e l l  l o c a t e d  i n  t h e  v e r t i c a l  
s t r u t .  Bo th  systems measure p r o p e l l e r  b lade  and 
sp inne r  f o r c e s  on ly ,  when c o r r e c t e d  f o r  i n t e r n a l  
p ressure  t a r e s .  Model pa r t s ,  e t h e r  than  t h e  sp in -  
ne r  and blades, t h a t  a r e  m e t r i c  t o  t h e  s t r u t  moun- 
t e d  l oad  c e l l  a r e  s h i e l d e d  f r o m  t h e  f rees t ream 
tunne l  a i r  by  a windscreen ( F i g .  8 ) .  

c e l l  and r o t a t i n g  ba lance were done. L i m i t e d  
dynamic t h r u s t  c a l i b r a t i o n s  were a l s o  done. 
dynami j  t o rque  c a l i b r a t i o n s  c o u l d  o n l y  be  done 
w i t h  zero  to rque.  A l l  these c a l i b r a t i o n s  were 
performed before ,  du r ing ,  and a f t e r  t h e  t e s t s  t o  
assure t h a t  no changes occu r red  d u r i n g  t h e  t e s t .  
The c a l i b r a t i o n s  a r e  d iscussed i n  more d e t a i l  i n  
Ref. 5. 

a i r  a t  3 . 1 ~ 1 0  b N/m2 (450 p s i !  and heated t o  
The t u r b i n e  i s  capab le  o f  

The PTR m e t r i c  system inc ludes  two separa te  

Ex tens i ve  s t a t i c  c a l i b r a t i o n s  o f  t h e  l oad  

The 

De te rm ina t ion  o f  t h e  P r o p e l l e r  Net Force  

The n e t  p r o p e l l e r  t h r u s t  i s  d e f i n e d  as t h e  
p r o p u l s i v e  f o r c e  o f  t h e  b lades  o p e r a t i n g  i n  t h e  
presence o f  t h e  sp inne r  and n a c e l l e  f l o w  f i e l d  
w i t h o u t  t h e  i nc rease  i n  t h r u s t  (1.e.. apparent 
t h r u s t )  due t o  t h e  mutua l  i n t e r a c t i o n  between t h e  
p r o p e l l e r  b lades, t h e  sp inne r  and t h e  n a c e l l e .  

and ne t  t h r u s t ,  model t a r e  t e s t s  were made f i r s t  
To  de termine t h e  d i f f e r e n c e  between apparent 

.* 
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w i t h o u t  t h e  p r o p e l l e r  b lades  t o  eva lua te  L o t h  t h e  
e x t e r n a l  sp inne r  aerodynamic d rag  and t h e  n a c e l l e  
p ressu re  drag .  

I n  these t a r e  t e s t s  the  sp inne r  was rep laced  
by  a "dumny" hub hav ing  no ho les  f o r  t h e  blades. 
A spec ia l  s e r i e s  o f  exper imenta l  runs  was made t o  
d e f i n e  t h e  sp inner  aerodynamic and n a c e l l e  pres- 

' su re  drag  f o r  t h e  same range o f  t unne l  Mach numbers 
as would be  t e s t e d  w i t h  t h e  model blades. A s  shown 
i n  F i g .  9 ( a ) ,  t h e  sp inne r  d rag  (DsT) was measured 
d i r e c t l y  f rom t h e  f o r c e  balance and c o r r e c t e d  f o r  
t h e  i n t e r n a l  p ressure  area fo rces .  The n a c e l l e  
p ressure  d rag  ( D K T ) ,  was determined by pressure  
i n t e g r a t i o n  o f  t h e  l o n g i t u d i n a l  rows o f  area- 
weighted p ressu re  o r i f i c e s .  

W i th  t h e  p r o p e l l e r  b lades  i n s t a l l e d  and 
t h r u s t i n g ,  t h e  f o r c e  balance measures t h e  alge- 
b r a i c  sum of t h e  p r o p e l l e r  t h r u s t ,  t h e  sp inne r  
drag, and t h e  i n t e r n a l  p ressure  area  f o r c e s .  
model f o r c e s  a r e  as shown i n  F ig .  9 ( b ) .  
r e c t e d  p r o p e l l e r  t h r u s t  ( T p ~ o p  i n  F ig .  9 ( b ) )  i s  
d e f i n e d  as: 

The 
The uncor- 

TPROP = FB -C PAINT + DS 

When t h i s  uncor rec ted  p r o p e l l e r  t h r u s t  i s  c o r r e c t e d  
f o r  t h e  change i n  sp inner  a rag  ( A D S )  between t h e  
powerea da ta  ( f i g .  9 ( b ) )  and t h e  t a r e  da ta  
( F i g .  9 ( a ) ) ;  

A G ~  = DS - DST 

t h e  apparent t h r u s t  o f  t h e  p r o p e l l e r  i s  ob ta ined 
f rom:  

o r  
TAPP = TPRGP - ADS 

'APP = F B  -C P A I I i T  + DST 

where 

PAIP,T = ( P  - p o l  AINT 

Now, t h e  n a c e l l e  p ressure  drag  w a s  ob ta ined  f r o m  
n a c e l l e  su r face  pressure  i n t e g r a t i o n s :  

DI\, = /;P - p0) dA 

The change i n  n a c e l l e  p ressure  drag, A D N ,  was 
ob ta ined  f rom tne  d i f f e r e n c e  between these and t h e  
t a r e  r u n  pressure  i n t e g r a t i o n s :  

And f i n a l l y ,  t h e  n e t  t h r u s t  was ob ta ined  by 
s u b t r a c t i n g  t h e  change i n  n a c e l l e  p ressure  d r a g  
f r o m  t h e  apparent t h r u s t :  

More i n f o r m a t i o n  on t h e  p r o p e l l e r  t e s t  procedures 
used i n  t h i s  t e s t  may be found i n  Ref. 5. 

Test Resu l t s  

Takeof f ,  Cl imb and Landinq Performance 

The SR-2 and SR-3 p r o p e l l e r  models were t e s t e d  
a t  z e r o  ang le  o f  a t tacK over  a range o f  Mach nun;-. 
bers  f r 2 m  0.10 t o  0.34 and b lade angles f rom -6.8 
t o  62.1 . The b lace  anc le  ( 6 0 . 7 5 R ) ,  measured Bt 
75 percent  of t h e  p r o p e l l e r  raa ius ,  becomes 9G 

when t n e  cho rd  o f  t h a t  a i r f o i l  s e c t i o n  i s  a l i g n e d  
o i r e c t l y  w i t h  t h e  f l i g h t  d i r e c t i o n .  A t  each b l a d e  
angle, model t h r u s t  and power were measured over  a 
range o f  Mach numbers and r o t a t i o n a l  speeds. The 
b lade angle/Mach numtier combinat ions t e s t e d  a r e  
l i s t e d  i n  Tab le  2 f o r  t h e  SR-2 p r o p e l l e r  and 
Table 3 f o r  t h e  97-3 p r o p e l l e r .  
angle/Mach number combinat ion,  measurements were 
taken over  an rpm range f rom t h e  w i n d m i l l i n g  va lue  
t o  9000 rpm, t h e  maximum rpm a l lowed by  b lade  
s t r e s s  l i m i t a t i o n s .  Each r o t a t i o n a l  speed s e t t i n g  
c o n s t i t u t e d  a t e s t  p o i n t .  

sumnarized i n  F igs .  10 t o  1 7  f c r  f rees t ream Mach 
numbers o f  0.10, 0.20, 0.27, and 0.34.  These pro- 
p e l l e r  performance e f f i c i e n c y  maps p resen t  t h e  
p r o p e l l e r  n e t  e f f i c ' e n c y  ("NET) and re fe rence  

r a t i o  ( *  F )  and b lade  angle. 
power c o e F f i c i e n t s  and t h e  advance r a t i o s  a r e  based 
upon t h e  p r o p e l l e r  re fe rence  d iameter  o f  62.2 cm 
(24.5 i n ) .  
because t h e  a c t u a l  t r u e  t i p  d iameter  f o r  t h e  swept 
Sff-3 p r o p e l l e r  changes w i t h  b lade  ang le  and r o t a -  
t i o n a l  speed as shown i n  F ig .  18. Reference power 
c o e f f i c i e n t  and re fe rence  advance r a t i o  a re  de f i ned  
as : 

A t  each b lade  

The SR-2 and SR-3 p r o p e l l e r  performance i s  

power c o e f f i c i e n t  ( E PREF) f o r  a g i v e n  advance 
The r e f e r e n c e  

T h i s  re fe rence  des igna t ion  i s  used 

P 
L 

'REF - p0n3DiEF 

- vo JREF - - 
" "REF 

I n  these f i g u r e s  t h e  performance o f  L i e  p r o p e l l e r  
i s  expressed as n e t  e f f i c i e n c y  which corresponds 
t o  t h e  n e t  p r o p u l s i v e  t h r u s t  produced w i t h  t h e  
p r o p e l l e r  o p e r a t i n g  i n  t h e  v e l o c i t y  f i e l d  o f  t h e  
n a c e l l e  and sp inner .  Net  e f f i c i e n c y  i s  d e f i n e d  as: 

Net  Th rus t  x Freestream V e l o c i t y  
Sha f t  Power n~~~ = 

and, i n  d imens ion less  form: 

C, J C, 
' N E T  I NET, R E F ~ R E F  

CP  NET = cp. Or = 

where 

T~~~ C, =- 
r 4  

'NET,REF pon-D REF 

Dur ing  t h e  thorough t e s t i n g  i n  t h e  low speed 
o p e r a t i n g  envelope, no adverse o p e r a t i n g  c o n d i t i o n s  
were found. 
p r o p e l l e r  performance l o s s  found t h a t  m igh t  be  
i n d i c t i v e  o f  separated f l o w  on t h e  p r o p e l l e r  
a i r f o i  i s .  

Nor ,  were any areas o f  s i g n i f i c a n t  

Some comparisons o f  t h e  performance o f  t h e  
s t r a i g h t  b laoe SR-2 p r o p e l l e r  verslrs t h e  45 '  swept 
SR-3 p r o p e l l e r  a t  f o u r  low speed o p e r a t i n g  
c o n d i t i o n s  can be made. 
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When t h e  a i r p l a n e  i s  a c c e l e r a t i n g  down t h e  
runway, a r e p r e s e n t a t i v e  c o n d i t i o n  would be a Mach 
number o f  0.10, an advance r a t i o  o f  0.438, and a 
power c o e f f i c i e n t  of  0.50. A t  t h i s  c o n d i t i o n ,  t h e  
45' swept SR-3 p r o p e l l e r  des ign  had an e f f i c i e n c y  
o f  43.5 versus 38.6 pe rcen t  f o r  t h e  s t r a i g h t  SR-2 
p r o p e l l e r  design, a 4.9 pe rcen t  advantage. 

Near t h e  a i r p l a n e ' s  l i f t o f f  c o n d i t i o n ,  t h e  
Mach number would be  around 0.20, t h e  advance r a t i o  
at, 0.875, and t h e  power c o e f f i c i e n t  a t  1.00. A t  
t h i s  c o n d i t i o n ,  t h e  swept SR-3 p r o p e l l e r  has a n e t  
e f f i c i e n c y  o f  54.9 versus 50.2 pe rcen t  f o r  t h e  
SR-2 p r o p e l l e r ,  a 4.7 pe rcen t  advantage. 

When t h e  a i r p l a n e  i s  s t a r t i n g  i t s  i n i t i a l  
c l imbou t ,  a t y p i c a l  o p e r a t i n g  c o n d i t i o n  i s  a Mach 
number o f  0.27, an advance r a t i o  o f  1.16, and a 
Power c o e f f i c i e n t  o f  1.37. 
SR-3 p r o p e l l e r  n e t  e f f i c i e n c y  i s  s i g n i f i c a n t l y  
h i g h e r  t h a n  t h e  SR-2 p r o p e l l e r  n e t  e f f i c i e n c y  w i t h  
a va lue  o f  57.2 versus  52.9 percent ,  a 4.3 pe rcen t  
advantage. 

And f i n a l l y ,  when t h e  a i r p l a n e  i s  f a r t h e r  
i n t o  i t s  c l imbou t ,  a r e p r e s e n t a t i v e  c o n d i t i o n  would 
be  a Mach number o f  0.34, an advance r a t i o  o f  1.40 
and a power c o e f f i c i e n t  o f  1.70. A t  t h i s  cond i -  
t i o n ,  t h e  45' swept SR-3 p r o p e l l e r  n e t  e f f i c i e n c y  
1s  59.1 versus  53.7 pe rcen t  f o r  t h e  s t r a i g h t  SR-2 
p r o p e l l e r ,  a 5.4 pe rcen t  advantage. 

Thus, t h e  measured d a t a  sb3w t h a t  i n  t h e  low 
speed o p e r a t i n g  regime, t h e  45' swept SR-3 pro- 
p e l l e r  n e t  e f f i c i e n c y  exceeded t h e  n e t  e f f i c i e n c y  
of  t h e  s t r a i g h t  b laded SR-2 p r o p e l l e r  by  about 4 
t o  5 percent .  The SR-3 performance improvement 
over  t h e  SR-2 performance i s  due t o  a combina t ion  
of  des ign  f a c t o r s  such as more b lade sweep, a be t -  
t e r  t w i s t ,  cho rd  and l i f t  d i s t r i b u t i o n ,  and a be t -  
t e r  sp inne r  and area- ru led  hub oesign. 

Reverse Th rus t  Performance 

Again, t h e  45' swept 

I n  v iew of t h e  importance o f  r e v e r s e  t h r u s t  
c a p a b i l i t y  o f  t h e  p r o p u l s i o n  system on t r a n s p o r t  
a i r c r a f t ,  t h e  r e v e r s e  t h r u s t  c h a r a c t e r i s t i c s  o f  
t h e  45 swept SR-3 p r o p e l l e r  were i n v e s t i g a t e d  a t  
0.10 and O.?O Mach numbers. The b lade  ang le  was 
s e t  a t  -6.8 . Due t o  mechanical  i n te r fe rence ,  
t h i s  w a s  t h e  maximum reve rse  b lade  ang le  t h a t  c o u l d  
be achieved w i t h  t h e  mooel Prop-Fan. The t e s t  
r e s u l t s  a r e  p resented  i n  F i g .  19 i n  terms o f  power 
and t h r u s t  c o e f f i c i e n t s  as a f u n c t i o n  o f  advance 
r a t i o .  I n  F i g .  20, t h e  r e v e r s e  t h r u s t  i s  d i v i d e d  
by t h e  t a k e o f f  t h r u s t  a t  Mach 0.20. 
i s  p resented  versus  v e l o c i t y  f o r  t h e  w i n d m i l l i n g  
and powered SR-3 p r o p e l l e r .  F o r  re fe rence,  a 
high-bypass t u r b o f a n  eng ine  i s  a l s o  shown on t h i s  
f i g u r e .  The curves  show t h a t  t h e  powered SR-3 
p r o p e l l e r  produce more reve rse  t h r u s t  t han  t h a t  of  
a high-bypass t u r b o f a n  engine. Thus, t h e  advanced 
SR-3 e igh t -b laded p r o p e l l e r  i s  capab le  o f  pro- 
duc ing  t h e  l a r g e  b reak ing  f o r c e s  d e s i r e d  f o r  
t r a n s p o r t  a i rp lanes .  

T h i s  parameter 

Summary of R e s u l t s  

Two v a r i a b l e  p i t c h  advanced tu rboprop  p r o p t l -  
l e r  models ( t h e  s t ra igh t -b laoeo  SR-2 and t h e  45 
swept SR-3) were i n s t a l l e d  i n  t h e  NGSA Lewis 10- 
by  10-Foot Supersonic k i n d  Tunnel and performance 
t e s t e d  a t  subsonic c o n d i t i o n s  cor respond ing  t o  

t y p i c a l  t akeo f f ,  i n i t i a l  c l imbout ,  and l a n d i n g  
speeds. The f o l l o w i n g  r e s u l t s  were ob ta ined:  

1. No adverse o p e r a t i n g  c o n d i t i o n s  nor  areas 
o f  s i g n i f i c a n t  p r o p e l l e r  performance loss i n d i c a -  
t i v e  of  separa ted  f l ow  on t h e  p r o p e l l e r  a i r f o i l s  
were found i n  t h e  low speed o p e r a t i n g  envelope 
( i . e ,  Mach D.10 t o  0.34) w i t h  e i t h e r  t h e  s t r a i g h t  
b laded  SR-2 o r  45' swept SR-3 p r o p e l l e r s .  

2. The 45' swept p r o p e l l e r  appeared t o  b e  
b e t t e r  designed f o r  low speed o p e r a t i o n  than t h e  
s t r a i g h t  b laded  SR;2 p r o p e l l e r  because i t  was more 
e f f i c i e n t .  The 45 SR-3 swept p r o p e l l e r  n e t  e f f i -  
c i e n c y  exceeded t h e  e f f i c i e n c y  o f  t h e  s t r a i g h t  
b ladea SR-2 p r o p e l l e r  by about 4 t o  5 pe rcen t  a t  
a l l  low speed o p e r a t i n g  cond i t i ons .  Two o f  t h e  
low speed o p e r a t i n g  c o n d i t i o n s  a r e  sumnari ted 
below: 

1i 

(J 
SR 

( a )  A t  t h e  Mach 0.20 t a k e o f f  l i f t o f f  c o n d i t i o n  

-2 p r o p e l l e r  had a n e t  e f f i c i e n c y  o f  50.2 pe rcen t  
= 0.875 and Cp = 1.0). t h e  s t r a i g h t  b laded 

w h i l e  t h e  45' swept SR-3 p r o p e l l e r  had a n e t  e f f i -  
c i e n c y  o f  54.9 pe rcen t .  
was 4.7 pe rcen t .  

The swept SR-3 advantage 

( b )  A t  a Mach 0.34 c l imbou t  c o n d i t i o n  
( J  = 1.40 and Cp 5 1.70), t h e  s t r a i g h t  b laded 
SR-2 p r o p e l l e r  had a n e t  e f f i c i e n c y  o f  53.7 pe rcen t  
w h i l e  t h e  45' swept SR-3 p r o p e l l e r  had a n e t  e f f i -  
c i e n c y  o f  59.1 percent .  
was 5.4 pe rcen t .  

f o r  t h e  SR-3 p r o p e l l e r  i n d i c a t e s  t h a t  these new 
p r o p e l l e r s  a r e  capab le  o f  p roduc ing  more reve rse  
t h r u s t  t han  t h a t  o f  a high-bypass t r a n s p o r t  t u rbo -  
fan  engine, 

The swept SR-3 advantage 

3 .  The l a r g e  amount o f  reve rse  t h r u s t  measured 

k 

b 

C A  

'L D 

CL i 

Appenaix A - Symbol L i s t  

area, m2 

b lade  a c t i v i t y  f a c t o r ,  

62 504' ' ( b / D ) ( r / R ) 3  dx  

r / B )  a t  hub 

e lementa l  b lade  chord, m 

c i r c u l a r  a rc  

b lade  des ign  l i f t  c o e f f i c i e n  

i n t e g r a t e d  des ign  l i f t  c o e f f  

C L D ( ~ / R ) ~  dx 

r/B) a t  hub 

power c o e f f i c i e n t  = P/pon3D5 

t h r u s t  c o e f f i c i e n t  = T/pon2D4 

p r o p e l l e r  d iameter,  m 

n a c e l l e  drag, N 

n a c e l l e  t a r e  drag, h 

c i e n t ,  
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DS 

DS T 
dk 

F B  

J 

M 

n 

P 

P A  

P 

R 

r 

r / R  

T 

TPROP 

t 

V 

6 

A 6  

60.75R 

n 

sp inne r  drag, pi 

sp inne r  t a r e  drag, ti 

e lementa l  area, m* 

f o r c e  balance, N 

aavance r a t i o  = Vo/nD 

Mach number 

r o t a t i o n a l  speed, r p s  

power, W 

p ressu re  f o r c e s  i n  t h e  form 
( p  - p o l  Area, N 

pressure,  N/m2 

p r o p e l l e r  rad ius ,  m 

rad ius ,  m 

f r a c t i o n a l  r a d i u s  

t h r u s t ,  N 

unco r rec ted  p r o p e l l e r  t h r u s t ,  N 

e lementa l  b lade maximum th i ckness ,  m 

v e l o c i t y ,  m/sec 

b lade  angle,  aeg 

change i n  b laae angle f rom t h e  angle a t  
t h e  75 pe rcen t  b lade rad ius ,  deg 

s t a t i c  p r o p e l l e r  b lade ang le  a t  7 5  pe rcen t  
b laae r a d i u s ,  aeg 

e f f i c i e n c y  i n  percent  = TV,/P 100 

mass d e n s i t y ,  kg/m3 

Subsc r i p t  s 
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TABLE 1. - DESIGN CHARACTERISTICS AND PLANFORMS OF fHE SR-2 AND 
SR-3 MODEL PROPELLERS 

c 

Number of blades 
Tip sweep angle, deg 
Model diameter, cm (in) 
Tip speed, m/sec (f Isec) 

Activity factor 
Integrated design lift 
coefficient 

Ai rf oi 1 s 
Ratio of nacelle maximum 
diameter to propeller 
d i arneter 

Cruise design Mach number 
Cruise design advance ratio 
Cruise design power coefficient 
Measured cruise design net 

Measured cruise noise level, dB 

Power loading, kW/m $ ( shp/ft2) 

efficiency,$ 

SR-2 

8 
0 

62.2 (24.5) 
244 (800) 

301 (37.5) 
203 

0.081 
NACA 16 and 65/CA 

0.35 

0.80 
3.06 
1.7 

76 
151 

SR-3 

8 
45 

62.2 (24.5) 
244 (800) 

23 5 
01 (37.5) 

0.214 
NACA 16 and 65lCA 

0.35 

0.80 
3.06 
1.7 

78 
146 



TABLE 2. - SR-2 PROPELLER TEST RUN 

SCHEDULE 

B l a d e  a n g l e  I Mach number 
a t  75 p e r c e n t  

r a d i u s ,  
d e g  

24.9 
29.6 
34.4 
38.0 
41.7 
45.8 
49.8 
53.8 
59.7 

0.10 

X 
X 
X 
X 
X - 
- 
- 
- 

0.20 0.27 

- X 
X 
X X 
X X 
X X 
X X 
X X 
- X 
- X 

- 

TABLE 3. - SR-3 PROPELLER TEST RUN SCHEDULE 

0.34 

- 
- 
- 
- 
X 
X 
X 
X 
X 

B l a d e  angle 
a t  75 percent 

r a d i u s ,  
de 9 

-6.8 
24.6 
29.4 
33.9 
37.3 
41.9 
45.9 
48.3 
51.4 
54.1 
58.3 
62.1 

I 

Mach number 

0.00 0.10 0.20 0.27 0.34 
. 

- - X X X 
- X X - X X - X X X - X X X - - X X X - X X x ,  x - - X X X - - X X X 
- - X X X 
- - X X X - - - X X 

- - - - 
- 
- 
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Figure 3. - The SR-2 propeller model with straight blades installed in  
the NASA Lewis 10-by 10-Foot Supersonic Wind Tunnel. 

Figure 4 - The SR-3  propeller model with 45 degree swept 
blades installed in the NASA Lewis 10-by 10-Foot 
Supersonic Wind Tunnel. 



Figure 5. - Aerodynamic design concepts for an  advanced h igh  speed 
turboprop propulsion system. 
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Figure 6. - Variat ion of propeller design parameters w i th  blade radius 

for the unswept SR-2 propeller. 
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Figure 7. - Variation of propeller design parameters with blade 

radius for the 45 degree swept SR-3 propeller. 
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Figure 8. - Cutaway view of the Lewis l o o 0  horsepower (746 kW) propeller test rig. 
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(a) Forces acting on balance during tare runs. 
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(b) Forces acting on balance during test runs. 

Figure 9. - Forces acting on balance during tare and test runs. 
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Figure 10. - SR-2 propeller efficiency map at a Mach number of 0.10. 
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Figure 11. - SR-2 propeller efficiency map at a Mach number of 0.20. 
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Figure 12. - SR-2 propeller efficiency map at a Mach number of 0.27. 
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Figure 13. - SR-2 propeller efficiency map at a Mach number of 0.34. 
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Figure 14. - SR-3 propeller efficiency map at a Mach number of 0.10. 
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Figure 15. - SR-3 propeller efficience map at a Mach number of 0.20. 
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Figure 16. - SR-3 propeller efficiency map at a Mach number of 0.27. 



Figure 17. - SR-3 propeller efficiency map at a Mach number of 0.34. 
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Figure 18. - Variat ion of t ip relative diameter with blade angle 
and rotat ion speed. DREF = 62.23 cm (24.5 in); 75R = 
1020. 
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